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ABSTRACT
The dominant vector of dengue and Zika diseases is a female Aedes aegypti mosquito. Its reproduction is controlled by the formation of an active heterodimer complex of the 20-hydroxyecdysone receptor (EcR) and Ultraspiracle protein (Usp). Although EcR exhibits a structural and functional organization typical of nuclear receptors (NRs), the EcR C-terminus has an additional F domain (AaFEcR) that is rarely present in the NRs superfamily. The presence of F domains is evolutionarily not well conserved in the NRs. The structure-function relationship of EcR F domains in arthropods is unclear and enigmatic. To date, there have been no data concerning the structure and function of AaFEcR.
Our results showed that AaFEcR belongs to a family of intrinsically disordered proteins (IDPs) and possesses putative pre-molten globule (PMG) characteristics. Unexpectedly, additional A C C E P T E D M A N U S C R I P T
INTRODUCTION
Nuclear receptors (NRs) are the ligand-activated transcription factors playing an essential role in modulating the expression of genes involved in development, reproduction, metabolism, stem cell pluripotency and maintaining homeostasis in animals through binding to appropriate DNA response elements [1] [2] [3] [4] [5] . Ecdysteroids are the principal arthropod steroid hormones, responsible for reproduction, molting, metamorphosis and development [6] [7] [8] . hydroxyecdysone (20E) hormone acts through a functional receptor formed from the 20E receptor (EcR) [9, 10] and Ultraspiracle (Usp), the homologue of the retinoid X receptor (RXR) present in verterbrates [11, 12] . Aedes aegypti mosquitoes are the main vectors of the world's most devastating human diseases: dengue, chikungunya, Zika and yellow fever [13] [14] [15] [16] . Blood is a required nutrient source in order to promote vitellogenesis by these mosquitoes [17, 18] . In female hematophagous mosquito species, the blood meal-triggered vitellogenesis is being controlled by 20E and EcR [18, 19] .
Most NRs share a general structural organization consisting of at least four distinct domains [1] . Structurally, the EcR from A. aegypti is similar to other NRs composed of an N-terminal domain (NTD), followed by an evolutionarily conserved DNA-binding domain (DBD), an interdomain linker (hinge), a ligand-binding domain (LBD) and an additional F domain at its A C C E P T E D M A N U S C R I P T C-terminus ( Fig. 1.) [10] . The presence of F domains is not conserved in the NR superfamily, and the sequences of F domains are highly variable in both length and sequence. The structurefunction relationship of the EcR F domains in arthropods is unclear and enigmatic and remains to be explored.
Intrinsically disordered proteins (IDPs), under physiological conditions do not possess a stable and unique three-dimensional (3D) structure and are likely to take part in intermolecular interactions [20] . The lack of a folded rigid structure in IDPs is encoded in their amino acid sequence. Interestingly, for some IDPs, the phenomenon of metal ion binding occurs either as part of their function or in the pathogenesis of diseases. In particular, in the case of Starmaker (Stm) protein, Ca 2+ binding is important in biomineralization [21] , whereas in Alzheimer's disease, Zn 2+ or Cu 2+ binding by β-amyloids causes the creation of metal-enriched amyloid plaques [22] .
The current knowledge about the role the F domain plays in NR functions is rather residual. It was suggested that the residual F domains of mammalian NRs might be involved in the receptor activity by affecting transcriptional activation, the stabilization of ligand binding by LBDs and dimerization [23] .
Importantly, the presence of F domains is not well conserved evolutionarily in all members of the NR superfamily. In the present study, we characterized the biophysical and biochemical properties of the isolated F domain of the EcR from A. aegypti (AaFEcR). The extensive experimental data, supported by in silico analyses, indicate that AaFEcR exhibits the common characteristics of IDRs and IDPs possessing a putative pre-molten globule (PMG) shape.
Importantly, we found that AaFEcR exhibits metal ion-binding ability by forming diverse complexes with Zn 2+ , Cu 2+ and Ca 2+ ions. Thus, another important region of NRs, apart from the DBD, is able to specifically bind metal ions. Our studies provide new insight into the structural organization and activities of the F domains of NRs. The ion-binding propensity demonstrated by AaFEcR may be a physiologically significant part of the EcR regulatory mechanism. The importance of these findings is discussed.
MATERIALS AND METHODS

2.1.Buffer composition
Buffer L (lysis buffer; 50 mM Na2HPO4 (ROTH), 150 mM NaCl (Merck), and 1 mM dithiothreitol (DTT, Sigma-Aldrich), pH 7.5); buffer A (fusion protein wash buffer; 50 mM Na2HPO4, 600 mM NaCl, 10% glycerol (ROTH), and 1 mM β-mercaptoethanol (ROTH), pH 7.5); buffer B (fusion protein elution buffer; 50 mM Na2HPO4, 150 mM NaCl, 250 mM
imidazole (Merck), 10% glycerol, and 1 mM β-mercaptoethanol, pH 7.5); buffer C (fusion protein gel filtration buffer; 50 mM Na2HPO4, 150 mM NaCl, 10% glycerol, and 1 mM β-mercaptoethanol, pH 7.5); buffer D (gel filtration buffer; 10 mM Tris-HCl (ROTH) and 150 mM NaCl, pH 7.0); buffer E (10 mM Tris-HCl, 150 mM NaCl, and 1 mM ZnCl2 (SigmaAldrich), pH 7.0); buffer F (10 mM Tris-HCl, 150 mM NaCl, and 0.5 mM CuCl2 (ROTH), pH 7.0); buffer G (10 mM Tris-HCl, 150 mM NaCl, and 1 mM CaCl2 (Merck), pH 7.0).
DNA construct
The plasmid pAc5-Aa-EcR-B with cDNA encoding the full-length EcR isoform B from Aedes aegypti [24] chaperonin to fuse to the N-terminus of a protein of interest, increasing its quantity and solubility. The forward primer sequence introduced the restriction site for NdeI, and the reverse primer sequence introduced the restriction site for SalI. The introduced restrictions sites are marked in italics. The introduced sequence corresponding to the STOP codon is underlined.
The uppercase letters in the primer sequences denote a sequence derived from the cDNA of the EcR, while the lowercase letters represent nucleotides added for cloning purposes. The correctness of the performed cloning was confirmed by DNA sequencing.
Protein expression and purification
The recombinant fusion protein TF-AaFEcR was expressed in the E. coli BL21(DE3)pLysS strain (Novagen). Overexpression of AaFEcR fused with TF in the pCold TM TF DNA vector provided the stable, full-length product. Our previous attempts to overexpress AaFEcR in many other vectors were not satisfactory because the protein tended to degrade during overexpression (data not shown). The cells were grown in 0.5 l of Terrific Broth medium (TB; Invitrogen) supplemented with 100 µg/ml carbenicillin (ROTH) and 35 µg/ml chloramphenicol (Calbiochem) at 37°C. When OD600 of the culture reached 0.5, the culture was cooled at 16°C for 30 minutes. Subsequently, expression of the protein was induced by isopropyl-β-Dthiogalactopyranoside (IPTG, ROTH) at a final concentration of 0.25 mM. After 12 hours of incubation, the culture was centrifuged (4500×g, 4°C, 25 minutes), and the obtained cell pellet
was washed in buffer L (10 ml of buffer for every 1 g of cell pellet). Subsequently, the washed cell pellet was centrifuged (4000×g, 4°C, 12 minutes), and the cell pellet was resuspended again and frozen at -80°C. The cells were lysed by quick thawing in a water bath at 25°C.
Immediately, the cell lysate was supplemented with PMSF (final concentration of 0.4 mg/ml; Sigma-Aldrich), DNAse I (10 µg/ml, Sigma-Aldrich) and RNase A (15 µg/ml, Sigma-Aldrich).
The suspension was incubated at 4°C until its viscosity decreased and then centrifuged 
SDS-PAGE analysis
All protein samples obtained during the purification procedure were analyzed according to [25] .
Protein samples were boiled for 10 minutes at 95°C in SDS sample buffer containing β-mercaptoethanol and then centrifuged at 20000×g at room temperature for 10 minutes. Proteins were separated using 12% gels with a constant current of 20 mA for 1 gel. After electrophoresis, the gels were stained with Coomassie Brilliant Blue R-250 [26] and analyzed using Image program. The mass accuracy for the calibration was better than 5 ppm; along with the true isotopic pattern (using SigmaFit (Bruker Daltonics)), this accuracy enabled an unambiguous confirmation of the elemental composition of the obtained complex.
In silico analysis
All in silico analyses were conducted similarly to those described in [27] . 
Analytical size exclusion chromatography
The initial procedure for size exclusion chromatography (SEC) was similar to the protocol described recently [27] . SEC was performed using Superdex 75 10/300 GL and the ). Samples of 0.25 ml of AaFEcR at a concentration of 0.5 mg/ml were incubated with the appropriate amount of metal ion at room temperature for 1 hour and then loaded onto the column. The elution volume of every sample was subsequently used to calculate each Kav and RS as described above.
Circular dichroism spectroscopy
All CD spectra were recorded using a JASCO J-715 CD-spectropolarimeter (Japan) at 20°C.
The Peltier Type Temperature Control System (JASCO, Japan) was responsible for maintaining a constant temperature of 20°C in the cell. Data were collected in triplicate at a scanning speed of 20 nm/min. Using a 1 mm path length cell, far-UV spectra of native AaFEcR were recorded from 260 to 197 nm. For every sample, a corresponding baseline with buffer solutions in which the protein was incubated (for structure-inducing and unfolding experiments -buffer L (without DTT) and derivatives containing trifluoroethanol (TFE, Sigma-Aldrich) or GdmCl, respectively; for protein-metal ion interactions -buffer D and derivatives containing the appropriate amount of buffers E, F or G) were recorded. Every sample contained AaFEcR at a concentration equal to 10 µM. A corresponding average baseline spectrum was subtracted from the average sample spectrum. All collected spectra were smoothed with a Savitzky-Golay filter [38] and subsequently converted to molar residual ellipticity units according to [39] . CDPro M concentrations of GdmCl, respectively. The spectra are terminated at the wavelength where ).
Analytical ultracentrifugation experiments
The sedimentation velocity (SV) analytical ultracentrifugation experiment was conducted in a entropy regularization with p = 0.68 was applied [43] . The quality of the fits was assessed using root mean square deviation (RMSD) values and residual distributions.
RESULTS
In silico prediction of the intrinsically disordered content in AaFEcR
The presence and extent of IDRs in AaFEcR were predicted using IUPred [28] and PONDR-FIT [32] . The results obtained with these algorithms indicated that the whole structure of AaFEcR should be disordered (Fig. 2A) . The results obtained from PONDR VLXT [30] indicated the presence of a disordered region between amino acids 1 and 123 ( Fig. 2A) . In contrast, the DISOPRED algorithm [33] indicated the occurrence of ordered regions between amino acids 16 and 36 and from amino acids 125 to 131 ( Fig. 2A) . Additional in silico analysis using FoldIndex revealed that the region between amino acids 31 and 114 in AaFEcR may be classified as disordered (Fig. 2B) . IDPs are likely to possess an unusual amino acid
composition, because the protein structure disorder is driven by a high net charge and a low mean hydrophobicity [44] . For further verification of the hypothesis concerning AaFEcR as an IDP, we also used a charge-hydropathy plot. The mean scaled hydropathy and absolute mean net charge were calculated [44] for isolated AaFEcR, and above values placed AaFEcR among the IDPs (Fig. 2C) . In Fig. 2D , the amino acid composition analysis of AaFEcR indicates considerable (Δ~1) enrichment of the H, G, Q, S, and N amino acids and depletion of the C, F, Y, and K amino acids compared to the average content in the Swiss-Prot database. Similar tendencies for a change in amino acid content were observed by comparing the information in the DisProt and Swiss-Prot databases, and the result is consistent with the disorder predictions for AaFEcR. In conclusion, amino acid sequence in silico analyses clearly demonstrated that this domain may belong to a family of IDRs.
AaFEcR exhibits characteristics of IDPs
Far-UV circular dichorism (CD) spectroscopy was used to determine the secondary structure content in AaFEcR. Typical for IDPs features were observed for the native spectrum (Fig. 3A) , such as: the presence of a minimum at ~200 nm and the lack of a distinct minima at 208 nm and 222 nm [45] . The unfolding of residual secondary structures in AaFEcR was examined with far-UV CD in the presence of GdmCl (Fig. 3A) . and 80% TFE have a similar shape but different values of θ at ~208 nm and ~222 nm. The shape of the two spectra recorded in the presence of 60% and 80% TFE is almost identical; thus, in the presence of 60% TFE, AaFEcR can be considered fully structured. The deconvolution of the native AaFEcR spectrum presented in Fig. 3C reveals that the amount of unordered regions was 55.45% ± 13.08%. With AaFEcR having approximately 30% ordered secondary structures, it is interesting how little GdmCl at concentrations up to 3 M influenced the secondary structure content (Fig. 3A) . Two subclasses of IDPs are known: coil-like (with no significant secondary
structure content) and PMG-like (more compact with residual secondary structure) [44] . The results obtained for AaFEcR, compared with data for coil-like and PMG-like IDPs, placed
AaFEcR among PMG-like IDPs (Fig. 3D) . Such IDPs are characterized by the lack of a stiff 3D structure, even in the presence of ~50% secondary structure content. This analysis is compatible with the deconvolution results depicted for AaFEcR in Fig. 3C .
Hydrodynamic properties of AaFEcR
Sedimentation velocity analytical ultracentrifugation (SV-AUC) and a series of size exclusion chromatography (SEC) were conducted in order to determine hydrodynamic properties of AaFEcR. The value of the Stokes radius (RS) for the native AaFEcR is 2.67 nm ± 0.1 nm (Fig.   4A and Fig. 5 ). Using equations derived from [46] , theoretical values of RS for AaFEcR Fig. 4C and Table 1 . The sedimentation coefficient distributions (Fig. 4C ) calculated from the SV-AUC data indicate that one major species with a sedimentation coefficient of approximately 1.2 S and a hydrodynamic radius (Rh) slightly greater than 2.9 nm is present in all samples of AaFEcR at different concentrations ranging from 0.15 mg/ml to 1.0 mg/ml range ( Table 1 ). The Rh value calculated from the SV data is higher than that Rs calculated from the SEC elution profiles. This finding was observed in our laboratory previously for highly anionic IDPs and may be caused by nonideal sedimentation of the protein or co-sedimentation with bound counterions [47] . No significant dependence of the sedimentation coefficient on the protein concentration was (Table 1) , as the c(s) distributions obtained for different protein concentrations nearly overlapped (data not shown). The frictional ratio (f/f0) of 1.9-2.0, higher than the approximate value of 1.3 expected for a typical globular protein such as bovine serum albumin (BSA),
indicates that the protein has an extended conformation. The relation between the frictional ratio and the molecular weight of a protein is an indicative of protein disorder [48] . Fitting the apparent molecular weight (MWapp) of AaFEcR calculated using the SV data for all three tested concentrations indicated existence of AaFEcR as a monomer.
AaFEcR is able to bind metal ions
Additional in silico sequence analysis of AaFEcR indicated the presence of a specific amino acid motif, HGPHPHPHG (residues 617 to 625), resembling the one present in histidineproline-rich glycoproteins (HPRGs) (Fig. 6.) were conducted to examine the exclusivity), we first investigated the influence of ions on the hydrodynamic properties of AaFEcR (Fig. 4D) . Injected samples were prepared to determine the specific molar ratio between metal ions and AaFEcR (nM and their isotopic patterns were compared enabling precise peak assignments. Species with z = 8+ to 20+ were observed. In the case of all three metal species, 1:1 complexes dominate in solutions with a 1:1 metal-to-ligand ratio (Fig. 7, Fig. 8 , and Fig. 9 ).
Mononuclear zinc complexes are visible at m/z = 1336. . These metal complex signals prevailed when a 1:1 metal-to-ligand ratio was used, although a minor signal at m/z = 1346.9 corresponding to a bimetallic complex
was also observed (Fig. 7) . When an excess amount of Zn(II) was added metal ions causes AaFEcR to become more compact, most likely via the involvement of multiple histidine residues, which contributes to a distinct change in structure.
DISCUSSION
Essential biological processes, including reproduction, development, homeostasis maintaining and metamorphosis, can be regulated by NRs. NRs are a superfamily of ligand-activated transcription factors [3] . Members of the NR superfamily share a common modular structure that generally consists of a C-terminal LBD linked by a flexible hinge region to the DBD, which is then flanked by an NTD that is hypervariable in sequence and length [1] . Many characterized proteins possess IDRs in their structures [20] . The lack of the 3D structure and existing as a set of conformers makes IDRs a challenge to study and identify [36] . IDPs play an important role in cellular regulation, signaling and control in health and disease. IDRs can perform various biological functions in proteins, such as DNA binding, protein-protein interactions, signal transduction and protein-macromolecular ligand or protein-metal ion interactions [54] [55] [56] [57] [58] [59] . The level of structural disorder in proteins is thought to correlate with the number of interacting partners as a lack of folded structure might enable binding to multiple partners [60] . Moreover, the dimerization properties of IDPs or IDRs play an important role in their functions [27, 61] . [27, [62] [63] [64] [65] [66] . At the Cterminus of the LBDs of some NRs, there is also an additional region called the F domain that is defined as the amino acid residues after helix 12 of the LBDs. The F domain of NRs is the
least conserved region in terms of length and sequence in the architecture of NRs (Fig. 10) . The functional importance of the F domains of those NRs that possess them has not been extensively studied. However, it was suggested that the residual F domains of mammalian NRs might be involved in modulating NR activities by affecting transcriptional activation, dimerization, interactions with other proteins and/or stabilization of ligand binding by LBDs [23] . As mentioned above, the structure-function relationship of the F domains of the arthropod members of the NR superfamily remains unclear and enigmatic.
The unusual molecular properties observed for AaFEcR during its overexpression and successful purification led us to suppose that AaFEcR may be structurally disordered. is tetrahedrally coordinated by four highly evolutionally conserved cysteine residues [1, 69] . In contrast to NRs, the classical C2H2 zinc-fingers possess two conserved cysteines and two conserved histidine residues [70] . However, other combinations of Cys/His as the zinc-chelating residues are possible too [71] . Our data showed that in addition to the DBD, another NR domain is able to bind metal ions. The HPRGs are involved in a number of processes, including blood coagulation, fibrinolysis, the immune response, and the transport of metal ions [72] . It was The EcR is a receptor of steroid hormones. In the case of mammalian NRs of steroid hormones, it was shown that metalloestrogens can modulate the function of estrogen receptor [83, 84] . One of the vitellogenesis products, vitellogenin (Vg), is expressed in extra ovarian tissues in a specific manner upon blood meal, which is required to activate gene expression [17, 19, 85] .
Analogous to the vertebrate liver, fat body, in insect females together with adipose tissue and lymph nodes is engaged in the production of yolk protein precursors (YPP) for developing oocytes [17] . A blood meal triggers a 20E cascade that activates YPP genes in the A. aegypti fat body [19, 86] . It was shown that the A. aegypti EcR/Usp heterodimer directly binds the Vg gene promoter [24] . Interestingly, it was shown that Vg may act as a Zn
2+
carrier that protects honeybee workers and queens from oxidative stress [87] [88] [89] . The blood meal itself leads to metabolic changes and induces a state of oxidative stress [90] . Therefore, it is possible that the The plot presents logarithmic values of RS plotted against logarithmic values of molecular masses for proteins in native state (square), molten globule state (solid circle), pre-molten globule (triangle) and unfolded state (empty circle) [46, 93] . AaFEcR was marked with the solid asterisk and AaFEcR considered as a theoretical native globular protein, NU-PMG or NU-coil was marked with empty asterisk, diamond and pentagon, respectively. NR amino acid sequences were compared in ClustalΩ [94] and imagined in Jalview [95] . 
